Abstract The intrasinusoidal flow pattern of blood drained from the hepatic arterial and portal venous routes was studied with and without stimulation of the hepatic nerves. This flow pattern was evaluated in terms of a relationship between hepatic arterial flow fraction of total flow and its transit time volume fraction of total blood volume of the liver. The transit time volume of the hepatic artery is defined by the product of flow and mean transit time through the hepatic arterial system. These fractions were determined by adopting a recently proposed principle of the indicator dilution technique-a double injection-single sampling site method. The hepatic arterial flow fraction in dog liver was adjusted at various levels by perfusing the hepatic artery with the animal's own blood drained from the femoral arteries. The resulting relationships between these two fractions showed linearity and a close resemblance to a line of identity over a wide range of the flow fraction both with or without stimulation. Two possible patterns of the blood flow in the sinusoids were discussed for an evaluation of these results. First, intrasinusoidal mixing of both arterial and portal blood occurs in each sinusoid at any hepatic arterial flow fraction. Second, an increase in the hepatic arterial flow fraction may give rise to functionally, not anatomically, separate sinusoids only for arterial blood. The difference between the relationships with and without nerve stimulation was statistically insignificant. This evidence implies that there is no detectable effect of the hepatic nerves on the adjustment of the intrasinusoidal flow pattern of blood. 
Abstract The intrasinusoidal flow pattern of blood drained from the hepatic arterial and portal venous routes was studied with and without stimulation of the hepatic nerves. This flow pattern was evaluated in terms of a relationship between hepatic arterial flow fraction of total flow and its transit time volume fraction of total blood volume of the liver. The transit time volume of the hepatic artery is defined by the product of flow and mean transit time through the hepatic arterial system. These fractions were determined by adopting a recently proposed principle of the indicator dilution technique-a double injection-single sampling site method. The hepatic arterial flow fraction in dog liver was adjusted at various levels by perfusing the hepatic artery with the animal's own blood drained from the femoral arteries. The resulting relationships between these two fractions showed linearity and a close resemblance to a line of identity over a wide range of the flow fraction both with or without stimulation. Two possible patterns of the blood flow in the sinusoids were discussed for an evaluation of these results. First, intrasinusoidal mixing of both arterial and portal blood occurs in each sinusoid at any hepatic arterial flow fraction. Second, an increase in the hepatic arterial flow fraction may give rise to functionally, not anatomically, separate sinusoids only for arterial blood. The difference between the relationships with and without nerve stimulation was statistically insignificant. This evidence implies that there is no detectable effect of the hepatic nerves on the adjustment of the intrasinusoidal flow pattern of blood. Attempts have been made to demonstrate the existence of the separate sinusoids for blood from only one of two vasculatures of the liver, i.e., the hepatic arterial and portal venous systems. For this purpose, an indicator was infused separately into these two vasculatures to show a difference in patterns of transport of the indicator (a route dependent difference) between the individual vascular beds (BRAUER et al., 1959 ; REES et al., 1964; HOLLENBERG and DOUGHERTY, 1966; FIELD and ANDREWS, 1968 ; COHN and PINKERSON, 1969) . The observations obtained from such efforts, however, favor the evaluation that the intrahepatic mixing of arterial and portal blood occurs on entry to the sinusoids and/or within them so that the majority of the sinusoids is perfused by mixed blood (GREENWAY and STARK, 1971) . Meanwhile, in vivo microscopic observation of the microcirculation clearly demonstrated the existence of the separate sinusoids only for arterial blood (MCCUSKEY, 1966) . The separation of those is sinusoids reportedly not necessarily anatomical but functional because the sinusoids which were previously perfused by both arterial and portal blood turned out, on occasion, to be perfused only by arterial blood (Fig. 5, upper panel) . These functionally separate sinusoids were observed on the following occasions : 1) The arterio-sinus twigs (AST's) are considered to be major routes through which arterial blood is drained into the sinusoids. The ATS's terminate in sinusoids near their inlets (BLOCH, 1955; MCCUSKEY, 1966) . When blood flow through an AST is great enough, arterial blood flows reversely toward the portal venules so that all sinusoids distal to that particular sinusoid receive only arterial blood. Although this reversal of blood was first defined by MCCUSKEY (1966) as the functional arterio-portal anastomosis, it was also described by MITRA (1966) . 2) Closure of the inlet sphincter which is attached to the junction of sinusoid with the portal venule eliminates venous blood from the sinusoid.
There has been no report available which directly describes the driving mechanisms which give rise to the functionally separate sinusoids . However, there may be three mechanisms responsible to the functionally separate sinusoids, i.e., passive, local and neurogenic mechanisms. An increase in arterial flow through AST may induce a pressure difference between the hepatic arteriolar and portal venular terminals. Therefore venous blood is purely mechanically eliminated from the sinusoids. The local control mechanism of the sphincters attached to the hepatic arteriolar terminals was proposed to create an increase in hepatic arterial flow by sensing a reduction in intrasinusoidal pressure (HIRSCH et al., 1976) . This increase in flow through the hepatic artery may cause the elimination of venous blood from the sinusoids. A neurogenically induced constriction of the inlet sphincters attached to the junctions of the sinusoids with the portal venules may produce functionally separate sinusoids only for arterial blood. In the intestine, excitation of the adrenergic nerve causes a constriction of the precapillary sphincter (FOLKOW et al., 1964) . The same neurogenic influence of the adrenergic fibers in the hepatic nerves (GREENWAY and LAWSON, 1969) on the inlet sphincter of the liver cannot be ruled out.
In this report, our prime interest is to know the mechanism which induces the functionally separate sinusoids perfused solely by arterial blood. An analysis of a relationship between fractional flow through the hepatic artery of total liver flow and fractional blood volume of the hepatic arterial bed of total blood volume in the liver (FIELD and ANDREWS, 1968) allows us to know the existence of such functionally separate sinusoids. The experiments were designed to observe the relationship under a variety of hepatic arterial flow and that under stimulation of the hepatic nerves. A principle in the indicator dilution technique proposed by MASERI et al. (1970) made it possible to obtain these values avoiding extensive surgery of the animals.
METHODS
After fasting for 24 hr, a total of 23 mongrel dogs, of both sexes (15-25 kg), were anesthetized with sodium pentobarbital, 30 mg/kg body weight, i.v. Animals were artificially ventilated with a mixture of room air and oxygen through a cuffed endotracheal tube with a Bird respirator. The abdomen was opened by a mid-line incision. The hepatic nerves were carefully dissected from round the hepatic artery and the nerves were tied and cut. The hepatic nerves were prepared for electrical stimulation by inserting its distal ends into a ring electrode. Stimuli of 1 msec duration and 15 V were used.
Systemic arterial, abdominal vena caval, portal venous and hepatic arterial pressures were measured by Statham transducers connected to catheters inserted through the femoral artery, external jugular vein, splenic vein, and gastroduodenal artery, respectively The zero references for venous pressure were fixed at a level of the midpoint of the hilum of the liver.
The femoral vein was cannulated for administration of heparin (300 U/kg) and an additional dose of pentobarbital. Normal saline or a small amount of dextran solution was infused through this catheter when hypotension due to hemorrhage was unavoidable.
In order to obtain relative amounts of plasma volume in the portal venous and the hepatic arterial beds, the mean transit times through both circulating systems were determined based on a recently proposed principle of the indicator dilution technique-a double injection-single sampling site method (MASERI et al., 1970) . This principle avoids technical difficulties met in other methods available.
The principle is as follows: A pair of dilution curves, Co(t) and C i(t), are monitored at the same site outside an organ of interest following indicator injections into its outflow and inflow, respectively, where t represents sampling time. The time courses of each indicator injection and the amounts of the indicator injected must be identical. The transit time distribution, h(t), through the organ is related to these two dilution curves as follows :
(1) Vol.29, No.5, 1979 M. NAKAI, T. TAMURA, A. KAMIYA, and T . TOGAWA Fig. 1 . Experimental layout. HA indicates the hepatic artery; PV , the portal vein; HV, the hepatic vein; IVC, the inferior vena cava; HN, the hepatic nerves; DM , a densitometer; MC, a mixing chamber; IND. INJ., indicator injection; and STIM ., electrical stimulation of the hepatic nerves.
By solving Eq. 1 numerically (PAYNTER, 1952; MASERI et al ., 1970) , the transit time distribution is obtained. r is a dummy variable . The transit time distribution is defined as the primary dilution curve normalized so that the area beneath it is unity. The primary dilution curve is the curve monitored at the outflow of the organ following a slug injection of indicator into its inflow when recirculation does not occur. The mean transit time , 1, is calculated from,
When blood flow, f, through the organ is known, transit time volume , v, of blood in the organ is calculated by, (3) In our experiments, two sets of dilution curves, consisting of Co(t) and Ci(t) for the hepatic arterial and portal venous systems, were monitored. From these curves, the mean transit times of the individual systems were calculated. The dilution curves were sampled at the common carotid artery or at the right ventricle (Fig. 1 ). Blood was withdrawn by a Harvard withdrawal pump through a catheter threaded into the sampling site and passed through a densitometer (DM1). For the measurement of Co(t), an indicator was injected into the inferior vena cava at a level of outflows of the hepatic veins. Indicator injection through the catheter which was also used for the measurement of portal pressure yielded Ci(t) of the portal circulation. The femoral artery was cannulated to obtain arterial blood for perfusion of the hepatic artery. Blood flow was set at various levels by a roller pump (Tonokura, 13s). This circuit was interposed by a T-shaped tube. The indicator injection through this tube yielded Ci(t) of the hepatic arterial system.
In order to determine transit time volumes, v's, of the hepatic arterial and portal venous beds, the additional measurements of flows, f's, through these systems are required (Eq. 3). The measurements of flows were performed by adopting also the indicator dilution technique to observe the primary dilution curves of the individual vessels. Arterial blood from the pump for the perfusion of the hepatic artery passed through a small mixing chamber which was connected downstream with a T-shaped tube for the indicator injection. Out of the mixing chamber, the blood entered a densitometer (DM2). The indicator injection yielding the arterial Ci(t) at DM1 was also made to simultaneously yield the primary dilution curve through the hepatic artery at DM2. A primary dilution curve of the portal vein was obtained by a densitometer (DM3) connected to a sampling catheter whose tip was located in the intrahepatic portal vein. Indicator injection yielding the portal venous Ci(t) at DM1 was also made to simultaneously yield the primary dilution curve through the portal vein at DM3. Blood was withdrawn through the sampling catheter by another roller pump (Furue, RP-V3). The amounts of indicator injected into the individual vessels were identical with each other. Therefore reciprocals of the areas beneath thus yielded primary dilution curves representing the relative values for the flow compatible with each other. Evans blue dye (T-1824) was adopted as non-diffusible indicator. Therefore, the determined values for flow and transit time volume were those of plasma.
Fractional flow through the hepatic arterial bed, Fha/(Fha +Fpv.), is defined as a fraction of total flow through the liver, where Fha and Fp, are values for flow through the arterial and portal systems, respectively. Fractional transit time volume of the hepatic arterial bed, Vha/(Vha+ Vpv), is a fraction of the total plasma content, where Vha and Vpv are values for transit time volume of the arterial and portal systems, respectively. The sum of transit time volumes of the individual vascular beds, Vha+ Vpv, represents total plasma volume of the liver.
The frequency of stimulation of the hepatic nerves was set at 20 Hz, below which the maximal response of the portal venous and/or the hepatic arterial pressures was expected to take place (GREENWAY et al., 1967) . Immediately after the maximal response, the measurement of a set of the dilution curves was yielded a pair of dilution curves, Ci(t) and GO), respectively, at the right ventricle. From those curves, the transit time distribution, h(t), was calculated by solving Eq. 1. systems and Co(t) following the indicator injection into the abdominal vena cava with and without nerve stimulation. Figure 4 shows the relationships between the hepatic arterial flow fraction and its transit time volume fraction with and without stimulation of the hepatic nerves. The relationships were obtained from a total of 23 animals. It is of particular importance from a standpoint of the intrasinusoidal pattern of blood M. NAKAI, T. TAMURA, A. KAMIYA, and T. TOGAWA flow that the relationships showed close resemblance to a line of identity and a linearity over a wide range of the flow fraction in both situations. A linear regression line drawn through those points was y =0.893x-0.001 (r=0.934, n=44) under control measurements and y=0.922x-0.005 (r=0.937, n=15) under hepatic nerve stimulation. In addition, a statistical insignificance of the difference between these two relationships (p>0.6, unpaired t-test) should signify a contribution of the hepatic nerves to the intrasinusoidal pattern of blood flow.
DISCUSSION
Our method depends on the measurements of the transit time distribution and flow of the individual vascular bed of the liver. Conventionally, a primary dilution curve has been monitored at one of the hepatic veins for the determination of the distribution. However, extensive surgical procedure of the liver causes a circulatory inhomogeneity among the liver lobes (SHOEMAKER et al., 1961) . Accordingly, the dilution curve sampled at one of the hepatic veins does not always represent that of the whole liver. The double injection-single sampling site method proposed by MASERI et al. (1970) obviates this difficulty in method to obtain the distribution of the whole liver. During stimulation of the hepatic nerves, pressure recoveries in the vessels toward the control levels took place following the maximal response. However, th,.; measurement of a set of the dilution curves required less than ten minutes during which the vascular bed in the dog liver was not fully recovered (GREENWAY and OSHIRO, 1972) . Additionally, it was also reported that in response to the maximal activation of the hepatic nerves, total blood volume of the liver was reduced by about 36 of the control value (GREENWAY and OSHIRO, 1972) . The average reduction in total transit time volume obtained in our study (29 %) was also on the same order as reported. Therefore, our data under stimulation of the nerves were virtually those under sufficient excitation of the nerves.
One of the most striking results obtained was that the relationships between the hepatic arterial flow fraction and its transit time volume fraction showed a linearity and close resemblance to the line of identity both with or without stimulation of the hepatic nerves. The result is consistent with that reported without stimulation (FIELD and ANDREWS, 1968) . A significance of this result, with respect to the intrahepatic pattern of blood flow, is evaluated in following discussion:
A hollow cylinder with a dual inflow and a single outflow is considered. It is supposed that the cylinder carries out com plete mixing of blood drained through these two inflows so that the cylinder is a common channel for both inflows. When a primary dilution curve is monitored at the outflow following indicator injection into an inflow, the mean transit time, t1, obtained by introduction of indicator into one of the inflows will be the same as that, t2, following injection into another inflow. Meanwhile the flow fraction of one of the inflows can be expressed by f1/(f1 + f2), where f1 and f2 are the amounts of flow through these two inflows. The transit time volume fraction can be expressed by v1/ (v1+ v2), where v1 and v2 are the amounts of transit time volume which are calculated according to Eq. 3. Because the respective mean transit times following the indicator injections into these two inflows are the same with each other, the volume fraction is rewritten by tf1/(tf1+ IA) which is identical with the flow fraction, where t = t1= t2. Therefore when a vascular bed consists of the common channels for its dual inflow, the relationship between the flow and transit time volume fractions will be described by a line of identity.
We actually found that the relationship between the hepatic arterial flow and transit time volume fractions showed the close resemblance to the line of identity. Therefore as FIELD and ANDREWS (1968), we also concluded that a large proportion of the liver vasculature consists of the common channels for both arterial and portal blood. Furthermore, because of following reasons, the common channels are supposed to consist mainly of the sinusoids. 1) The sinusoids contain a great proportion of total blood in the liver. This evidence is indirectly concluded by observations that the blood contents of the sinusoids and the total liver vasculature are 15 ml/ 100g liver (GORESKY, 1963) and 25 ml/100g liver (GREENWAY and STARK, 1971) , respectively. 2) The anatomical anastomoses between the hepatic artery and portal vein are rare, if not absent (MCCUSKEY, 1966) .
Although the relationship obtained suggests that the majority of the sinusoids is the common channel available for both arterial and portal blood, this speculation does not necessarily represent the mixing of portal and hepatic arterial blood in all sinusoids. Besides the mixing in the sinusoids, an additional speculation implies another flow pattern which also yields the same relationship between the flow and transit time volume fractions of the hepatic artery: An increase in hepatic arterial flow gives rise to a proportional increase in the number of the sinusoids which are perfused solely by arterial blood (Fig. 5, lower pannel) . If this is not the case, hepatic arterial blood might be forced to pass through the limited space consisting of sinusoids despite of an increased flow. This flow pattern might result in a relationship that is concave toward the flow fraction axis.
The following reported evidence may also support this speculation: There are functionally separate sinusoids solely for arterial blood, i.e., the sinusoids which were previously perfused by both arterial and portal blood turn out to be perfused solely by arterial blood (MCCUSKEY, 1966; MITRA, 1966) . In addition, in the isolated perfused liver, a considerable amount of perfusate introduced into the hepatic artery drained out reversely from the cut portal vein (RABINOVICI and VARDI, 1965; GEUMEI et al., 1968) . From this evidence, the portal venules and their consecutive sinusoids are supposed to be easily occupied solely by arterial blood when arterial flow is large.
This mechanism making the common sinusoids to change into the functionally separate sinusoids may be of physiological importance : The sinusoids are protected against a local increase in sinusoidal pressure by dispersing increased hepatic arterial flow additionally over adjacent sinusoids.
The absence in the effect of the hepatic nerves on the transsionusoidal filtration rate was reported . This evidence suggests that the sinusoids are kept open for their perfusion even under stimulation of the hepatic nerves. In the intestine, the adrenergic nerve stimulation causes the reduction in the capillary filtration rate. 'Therefore, constriction of the precapillary sphincters results in a reduction in the number of the open capillaries (FOLKOW et al., 1964) . Analogously to this speculation, the unchanged transsinusoidal filtration rate might reflect ineffectiveness of the nerve stimulation on the inlet sphincters of the liver. However, this is not always the case. Despite of the unchanged filtration rate under nerve stimulation, plausible inhomogeneous innervation of the inlet sphincters might cause a constriction of the sphincters attached to only one of two vascular beds of the liver. Inhomogeneous distributions were reported concerning to the adrenergic nerve terminals (ANDREWS and DEL RIO LOZANO, 1963) and adrenergic receptors (HIRSCH et al., 1976) between the hepatic arterial and portal venous systems.
We found that electrical stimulation of the hepatic nerves did not cause any shift of the relationship between the hepatic arterial flow and transit time volume fractions from that without stimulation. This finding leads to a speculation that there is no detectable effect of the hepatic nerves on the inlet sphincters attached to the sinusoids at the junctions both with the portal venules and hepatic arterioles. If the sphincters attached to the junctions of the sinusoids with the portal venules constricted under the nerve stimulation, the consecutive sinusoids might be perfused only by hepatic arterial blood. Therefore the number of the sinusoids which are perfused by mixed portal and arterial and/or only arterial blood might be more than that without stimulation. Thus, when the hepatic arterial flow fraction was maintained at the same level, the hepatic arterial transit time volume fraction under stimulation would be larger than that without stimulation. Consequently, the relationship would show a shift toward a larger hepatic arterial volume fraction under nerve stimulation. Similarly, if the inlet sphincters attached to the hepatic arterial bed constricted under nerve stimulation, the relationship would show a downward displacement.
